Background: Ran mediates nucleo-cytoplasmic transport and is regulated by the GTPase-activating protein RanGAP1 and the guanine nucleotide exchange factor (GEF) RCC1. Results: RanGAP1 transports MYCBP2 to the nucleus. MYCBP2 binds to Ran and stimulates nucleotide exchange. Conclusion: MYCBP2 is a GEF for Ran. Significance: The finding that besides RCC1 other GEFs for Ran exist reveals a complex regulation of Ran signaling.
The small GTPase Ran coordinates retrograde axonal transport in neurons, spindle assembly during mitosis, and the nucleo-cytoplasmic transport of mRNA. Its localization is tightly regulated by the GTPase-activating protein RanGAP1 and the nuclear guanosine exchange factor (GEF) RCC1. We show that loss of the neuronal E3 ubiquitin ligase MYCBP2 caused the up-regulation of Ran and RanGAP1 in dorsal root ganglia (DRG) under basal conditions and during inflammatory hyperalgesia. SUMOylated RanGAP1 physically interacted with MYCBP2 and inhibited its E3 ubiquitin ligase activity. Stimulation of neurons induced a RanGAP1-dependent translocation of MYCBP2 to the nucleus. In the nucleus of DRG neurons MYCBP2 co-localized with Ran and facilitated through its RCC1-like domain the GDP/GTP exchange of Ran. In accordance with the necessity of a GEF to promote GTP-binding and nuclear export of Ran, the nuclear localization of Ran was strongly increased in MYCBP2-deficient DRGs. The finding that other GEFs for Ran besides RCC1 exist gives new insights in the complexity of the regulation of the Ran signaling pathway.
The small GTPase Ran (1) regulates nuclear transport, organization of the spindle apparatus during mitosis, as well as nuclear envelope and nuclear pore complex reformation during telophase (2) (3) (4) . According to its activity state, Ran enters in its GDP-bound form or exits in its GTP-bound form to the nucleus, mediating import and export of proteins or mRNA through nuclear pores (5) . Compartmentation of its guanosine exchange factor (GEF) 4 regulator of chromosome condensation 1 (RCC1) and its GTPase-activating protein (GAP) RanGAP1 causes an asymmetric distribu-tion of GTP-and GDP-bound Ran across the nuclear envelope (1, 6, 7) . In nondividing cells, RCC1 is located within the nucleus, whereas RanGAP1 is located in the cytoplasm and translocates after covalent binding to small ubiquitin-like modifier 1 (SUMO1) to the cytosolic membrane of the nuclear pore complex (8, 9) . In neurons of the sciatic nerve, the Ran/RanGAP1 system is also involved in the regulation of retrograde transport after traumatic nerve injury (10) . Because of the necessity of the presence of a cytoplasmic GEF for Ran for this retrograde transport, the existence of a cytoplasmic GEF for Ran, other than the nuclear RCC1, has been postulated (11) .
Myc-binding protein 2 (MYCBP2) is an unusually large protein with a predicted molecular mass of 510 kDa. MYCBP2 orthologs, which are summarized as PHR proteins, have been described in humans (PAM), mice (Phr1), zebrafish (Esrom), Drosophila (Highwire), and Caenorhabditis elegans (RPM-1). Although MYCBP2 is found in many human tissues, its expression is especially high in peripheral and central neurons (12) (13) (14) where it inhibits neurite outgrowth, synaptic growth, and synaptogenesis (15) (16) (17) (18) (19) . Some functions of MYCBP2 depend on its ubiquitin ligase activity such as the inhibition of the p38 signaling pathway through DLK1 or the activation of the mammalian target of rapamycin pathway through TSC2 (17, 20 -23) . Other signaling pathways are regulated by MYCBP2 independently of its ubiquitin ligase activity. These include the regulation of GLO-4, a GEF for the small GTPase Rab (24) , and its GEF activity for Rheb (25) . Also, inhibition of adenylyl cyclases by MYCBP2 and activation of the KCC2 ion channel are mediated by its N-terminal RCC1-like domain and are seemingly independent of its ubiquitin ligase activity (26 -28) .
Here, we report that MYCBP2 interacts with Ran and Ran-GAP1 and increases the GTP binding of Ran through its RCC1like domain. MYCBP2 co-localized with Ran in the nuclei of DRG neurons, and genetic deletion of MYCBP2 caused the accumulation of Ran in nuclei, underlining the necessity of the GEF activity of MYCBP2 for the nuclear export of Ran.
Experimental Procedures
Materials-If not indicated otherwise all chemicals were purchased from Sigma, and cell culture media and supplements were from Invitrogen. stitution of His-912 and His-913 with alanine (26) in the TrcHisB (Invitrogen) vector using site-directed mutagenesis  with primers AGC TGT GGA TTT GCC GCT TCA GTG GTT  TTA and TA AAA CCA CTG AAG CGG CAA ATC CAC AGC  T according to the QuikChange site-directed mutagenesis protocol and purified like the active form. His-tagged human Mycbinding domain (amino acids 2412-2710) from MYCBP2 was expressed and purified as published previously (30) . The plasmid for the expression of recombinant Ran was kindly provided by Prof. Dr. F. Melchior, DKFZ-ZMBH, Heidelberg, Germany. Recombinant Ran and RanGAP1 were expressed and purified as described previously (8, 32) . Human RanGAP1 in pET23a and human pDsRed1-N1 RanGAP1 were obtained from addgene. org. Ran mutants were generated in the TrcHisB (Invitrogen) vector using site-directed mutagenesis with primers GGT GGT ACT GGA AAA AAC ACC TTC GTG AAA CGT and ACG TTT CAC GAA GGT GTT TTT TCC AGT ACC ACC for T24N and primers TGG GAC ACA GCC GGC CTG GAG AAA TTC GGT GGA and TCC ACC GAA TTT CTC CTG GCC GGC TGT GTC CCA for Q69L according to the QuikChange site-directed mutagenesis protocol (33) . Recombinant RCC1 (pPB-C-His) was obtained from Applied Biological Materials (ABM) Inc., Richmond, British Columbia, Canada, and purified as described previously (34) . The purity of recombinant proteins was determined using Coomassiestained SDS-PAGE and their activity by GTPase activity.
In Vitro SUMOylation and Ubiquitylation-In vitro SUMOylation of 15 g of purified RanGAP1 was performed using the SUMOylation kit (Enzo Life Sciences) according to the manufacturer's instructions. In vitro ubiquitylation assays were performed in 40 mM Tris, pH 7.4, 8.5 mM MgCl 2 , 5 mM ATP, 1.5 mM DTT, 10 mM creatine phosphate, 3.5 units/ml creatine phosphate kinase, 50 nM rabbit E1 (Calbiochem), 750 nM E2 UbcH5c proteins (Boston Biochemicals), and 0.2 g/l His-ubiquitin (Sigma) as described previously (25) . In the absence or presence of full-length MYCBP2 (100 nM), SUMOylated RanGAP1 (5 or 1-10 g), unmodified RanGAP1 (5 or 1-10 g), or Ran proteins (5 g) were incubated for 90 min at 27°C. To determine MYCBP2-dependent TSC2 degradation, HeLa lysate (20 g) was added to the assay. The reaction was terminated by addition of gel loading buffer, and the samples were analyzed by Western blot analysis.
Immunostaining of Tissues and Cells-The staining protocol was the same for tissues and DRG cultures. DRGs were taken from untreated mice or after zymosan injection (20 l, 12.5 mg/ml) in one hind paw at the indicated times. DRGs were placed in tissue TEK O.C.T freezing compound (Sakura Finetek) and frozen in liquid nitrogen. Afterward, cryosections of 10 m thickness were prepared using the cryotome Leica CM3050S (Leica). The tissue or the cells were fixed in 4% paraformaldehyde in PBS, permeabilized with 0.1% Triton in PBS, and blocked with 3% BSA in PBS-T (0.1% Tween) for 1 h at room temperature. The samples were incubated for 1 h with antibodies against Ran or MYCBP2, followed by incubation with fluorescence-labeled secondary antibodies. Nuclei were stained with DAPI (1 g/ml, 5 min, room temperature). Background was reduced using Sudan staining (0.6% Sudan BlackB in 70% ethanol, 5 min, room temperature). For all images, an AxioOberserverZ1 microscope with an AxioCam and standard DAPI, GFP, and DsRed filters were used. Images were taken with a ϫ40 objective with a resulting resolution of 1388 ϫ 1040 pixels, except for Fig. 8A , where the images were taken with a ϫ63 objective with the same pixel number. Three-dimensional reconstruction of image stacks from fluorescence images was performed using Imaris 7.61 with a set surface grain size of 0.2 m.
Determination of Protein Translocation and Expression-The cellular localization of MYCBP2, RanGAP1, or Ran was assessed as described previously (20) . The experimenter was unaware of the treatment. Briefly, images of about 30 cells per treatment condition from at least three independent experiments were taken, and localization was assessed by generating densitometric line profiles of the cytosolic and nuclear compartments of cells using ImageJ 1.48 software (National Institutes of Health). Primary neurons were judged as translocationpositive if the signal strength for MYCBP2 was in the nuclear region (as determined by DAPI staining), and at least 150% of the signal strength was in the cytosolic region. Cells were judged as translocation-positive for RanGAP1 if the signal strength in the nucleus was at least 250% of the signal strength in the cytosolic region. For Ran, an average nuclei/cytosol ratio was determined according to the same procedure and compared between wild type and knock-out mice.
RanGAP1 expression in siRNA-transfected neurons was determined in comparison with DAPI staining. Images of about 30 cells per treatment condition (transfected versus untransfected) from at least three independent experiments were taken under the same conditions and processed with the automatic minimum/maximum correction of the Zeiss AxioVision LE software. Then line profiles of the DAPI staining and RanGAP1 staining were generated with the ImageJ 1.48 (National Institutes of Health) software. The ratio between RanGAP1 and DAPI was determined and compared between siRNAtransfected and -untransfected cells.
Nuclei Isolation-Nuclei isolation was performed according to the manufacturer's instructions (Nuclei EZ prep; Sigma) using confluent HeLa cells. After reaching confluence, the medium was replaced by serum-free medium, and the next day cells were treated with 10% serum for 30 min. The cells were placed on ice, and the nuclei were separated from the cytosol according to manufacturer's instructions. The nuclei were lysed according to Zou et al. (35) in nuclear envelope lysis buffer containing 20 mM Hepes/KOH, pH 8.0, 1.5 mM MgCl 2 , 25% glycerol, 420 mM NaCl, 0.2 mM EDTA, 1 mM DTT, and protease inhibitors.
siRNA Transfection-The transfection was performed with siPORTamine according to the manufacturer's instructions. Primary DRG neurons were cultured for 4 days in neurobasal medium with B27. siPORTamine (5 l) was diluted in 100 l of neurobasal medium and incubated for 10 min at room temperature. 6-Carboxyfluorescein-labeled nontargeting siRNA (Life Technologies, Inc.) or SMARTpool siRNA to murine RanGAP1 (Dharmacon) with 1/10 nontargeting siRNA was diluted in medium for a final concentration of 50 nM (stock, 50 M). The dilutions were mixed, incubated another 10 min at room temperature, and added to the cells. After 24 h, the medium was changed, and after 48 h, the cells were stimulated with 10% serum. Following 3 h of incubation at 37°C, the cells were washed with PBS and were used for immunocytochemistry. To rescue RanGAP1 expression, cells were transfected with siRNA and simultaneously transfected with plasmid DNA of pDsRed1-N1 RanGAP1 (Addgene). 4 g of DNA were mixed with 6 l of TurboFect, incubated for 20 min, and added to the cells.
BIAcore Experiments-Experiments were conducted on a BIAcore T200 instrument (GE Healthcare). Ran was immobilized on a CM5 sensor chip by amine coupling as described by the manufacturer using 20 g/ml Ran in 10 mM NaOAc, pH 5.0, and 2 mM MgCl 2 . Typically, this resulted in immobilization of ϳ2000 response units of Ran on the sensor chip surface. All experiments were performed in transport buffer containing 20 mM Hepes/KOH, pH 7.3, 110 mM potassium acetate, 2 mM magnesium acetate, 1 mM EGTA, and 2 mM DTT at a flow rate of 10 ml/min at 25°C. The Ran surface was regenerated by injecting 60 s with a flow rate of 30 l/min of 1 M MgCl 2 for MycBP2 or 0.01% SDS for RCC1. Single cycle kinetics were measured with five different concentrations of RCC1 or MycBP2 (1-25 nM).
Single Cycle GTPase Assay-The assay was performed as described previously (36, 37) . Briefly, purified Ran (2 M) was loaded with [␥- 32 The reaction was stopped by addition of 1 ml of cold Stopping buffer (5% activated charcoal in NaH 2 PO 4 ). The mixture was centrifuged (5 min, room temperature, 8000 ϫ g), and the [ 32 P]P i in the supernatant was determined as described previously (25) .
Mant-GDP-release Assay-The assay was performed as described previously (36) . To exchange the Ran-bound GDP with the fluorescently labeled mant-GDP, Ran (100 M) was incubated for 2 h at room temperature in the presence of 500 M mant-GDP in 20 mM Hepes, pH 7.3, 10 mM EDTA, 2 mM MgCl 2 , 110 mM potassium acetate, and 2 mM DTT. Unbound nucleotide was removed by gel filtration over a Sephadex G-25 column (GE Healthcare) in transport buffer. The concentration of the nucleotide-loaded Ran was measured by Bradford. For the analysis of the Ran/GEF interaction, Ran-mant-GDP (2 M) was incubated in the presence of 35 nM RCC1 or MycBP2 and 200 M GDP at 25°C in 50 mM Tris/HCl, pH 7.4, 5 mM MgCl 2 , 5 mM DTT. The reaction rates of the GEF-catalyzed GDP dissociation on Ran were measured as a decrease in fluorescence (excitation 366 nm; emission 450 nm) due to energy transfer, using an EnSpire multimode plate reader fluorescence spectrophotometer.
GTP Binding Assay-[ 35 S]GTP␥S binding assay was performed with some modifications as described previously (25, Real Time RT-PCR-The assay was performed as described previously (39) . 24 h after zymosan injection, Ran mRNA was measured in DRGs by real time RT-PCR, with the 5Ј and 3Ј primers GTATTGTGTGGCAACAAAAGTG and GAGCT-TTCTGGCAAGCCAG, respectively. A 153-bp product was detected with the following amplification program: 95°C for 15 min, 1 cycle; 94°C for 15 s, 55°C for 30 s, and 72°C for 30 s, 40 cycles. GAPDH mRNA levels of the samples were measured as internal controls; the 5Ј and 3Ј primers were CAATGTGT-CCGTCGTGGATCT and GTCCTCAGTGTAGCCCAAG-ATG, respectively, with the same amplification program as for Ran mRNA. PCR was conducted in triplicate, and the ratios of Ran versus GAPDH signals represent the normalized levels of Ran expression.
MYCBP2 Is a GEF for the GTPase Ran
Statistics-Experiments with only two treatment groups were analyzed for statistical significance using Student's t test. Experiments with more than two groups were analyzed using FIGURE 1. SUMOylated RanGAP1 physically interacts with MYCBP2. A, representative Western blot (WB) with antibodies against MYCBP2 of DRG lysates from naive SNS Cre Ϫ MYCBP2 fl/fl mice is shown. Equal loading was confirmed using HSP90 expression. B, representative Western blot with antibodies against SUMO1 of DRG lysates from naive SNS Cre Ϫ and Cre ϩ MYCBP2 fl/fl mice is shown. Equal loading was confirmed using ERK1/2 expression. C-E, densitometric analyses of the three major protein bands with a size of 85 kDa (C), 70 kDa (D), and 50 kDa (E). ns, not significant. Data are shown as mean Ϯ S.E. (n ϭ 3-5). Two-tailed Student's t test, *, p Ͻ 0.05. F, immunoprecipitation (IP) of RanGAP1 from DRG lysates of wild type mice using an antibody against SUMO1, an independent antibody (control IgG), or no antibody (no IgG). SUMOylated RanGAP1 was detected using an antibody against RanGAP1. G, immunoprecipitation of DRG lysate from wild type mice using an antibody against MYCBP2, an independent antibody (control IgG), or no antibody (no IgG). The immunoprecipitations were analyzed using antibodies against MYCBP2 or RanGAP1 or SUMO1. The position of the two major MYCBP2 splice variants and of RanGAP1 and SUMOylated RanGAP1 is indicated by arrows. OCTOBER 16, 2015 • VOLUME 290 • NUMBER 42
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one-or two-way analysis of variance (ANOVA) with Dunnett's post hoc test. Significance was accepted at p Ͻ 0.05.
Results
SUMOylated RanGAP1 Physically Interacts with MYCBP2
and Mediates Its Translocation to the Nucleus-Previously, we studied the effect of a selective MYCBP2 deletion in nociceptive and thermoreceptive neurons of the DRGs (Fig. 1A ) on protein expression in DRG neurons using an antibody microarray covering 750 proteins (20) . The array showed the up-regulation of SUMO1 and/or SUMOylated proteins in MYCBP2-deficient DRGs. In these mice, Cre expression was under control of the Nav1.8 (SNS) promotor. We verified this finding using Western blot analysis with DRGs from SNS Cre-positive and -negative MYCBP2 fl/fl mice revealing a significant up-regulation of a protein of ϳ85 kDa in the absence of MYCBP2 (Fig. 1, B and C) . The expression of two other major bands (50 and 70 kDa) recognized by the antibody against SUMO1 was not altered in MYCBP2-deficient DRGs (Fig. 1, D and E) . RanGAP1 is well known to be modified by SUMO1 binding and has after SUMOylation a molecular mass of ϳ85 kDa (40) . To test whether or not SUMOylated RanGAP1 is present in DRGs, we immunoprecipitated proteins from DRGs with an antibody against SUMO1 and detected SUMOylated RanGAP1 in the precipitate using an antibody against RanGAP1 (Fig. 1F) . To test for a physical interaction of MYCBP2 with RanGAP1, we immunoprecipitated MYCBP2 from DRGs of wild type mice and found that SUMOylated RanGAP1 co-immunoprecipitated with MYCBP2, although the unmodified form of Ran-GAP1 was not detected in the immunoprecipitate (Fig. 1G) . OCTOBER 16, 2015 • VOLUME 290 • NUMBER 42
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Next, we determined RanGAP1 expression in DRGs in the presence and absence of MYCBP2. Using a RanGAP1 antibody, we found a small but significant up-regulation of the SUMOylated form of RanGAP1 in MYCBP2-deficient DRGs, whereas expression of the unmodified form of RanGAP1 was not altered ( Fig. 2A ). MYCBP2 has been previously shown to mediate inflammatory hyperalgesia by altering neuronal functions in DRGs and spinal cords (12, 20) . Therefore, we determined RanGAP1 expression in DRGs from SNS Cre-negative MYCBP2 fl/fl mice during zymosan-induced hyperalgesia. The level of SUMOylated RanGAP1 in DRGs was not altered by the inflammation (Fig. 2B) , and the expression of nonmodified RanGAP1 showed only a small decrease 4 h after zymosan injection (Fig. 2C ). More importantly, in the absence of MYCBP2, a significant up-regulation of SUMOylated (Fig. 2D ) and nonmodified RanGAP1 ( Fig. 2E ) was seen 24 h after zymosan injection in the DRGs.
SUMOylated RanGAP1 Inhibits MYCBP2 Activity and Mediates Its Transport to the Nucleus-Because MYCBP2 is an E3 ubiquitin ligase, we determined whether or not MYCBP2 regulates expression levels of SUMOylated RanGAP1 by targeting it for degradation through polyubiquitylation. Therefore, we tested the ability of purified human MYCBP2 (Fig.  3A) (20, 28) to ubiquitylate purified recombinant human RanGAP1 in its unmodified and its SUMOylated form (8, 32) . The SUMOylation reaction yielded around 65% of SUMOylated RanGAP1 (Fig. 3B) . Surprisingly, we did not find MYCBP2-dependent ubiquitylation of SUMOylated RanGAP1 but instead a strong inhibition of the ubiquitin ligase activity of MYCBP2 in the presence of SUMOylated RanGAP1, as determined by the presence of ubiquitylated proteins (Fig. 3C ). This effect was specific for SUMOylated RanGAP1, because the unmodified form of RanGAP1 did not affect MYCBP2-dependent protein ubiquitylation (Fig. 3C ). To validate the inhibitory effect of SUMOylated RanGAP1 on the ubiquitin ligase activity of MYCBP2, we tested the influence of SUMOylated RanGAP1 on the ubiquitin-mediated MYCBP2-dependent degradation of its known target TSC2 (17, 21, 25) . Fittingly, SUMOylated Ran-GAP1 prevented MYCBP2-dependent degradation of TSC2 ( Fig. 3D ), although the unmodified form of RanGAP1 had again no effect on MYCBP2-dependent ubiquitylation of TSC2 (Fig.  3D ). The effect of SUMOylated RanGAP1 on MYCBP2 autoubiquitylation was concentration-dependent, although the unmodified form of RanGAP1 had no significant effect on MYCBP2 activity (Fig. 4, A and B) . SUMOylated RanGAP1 inhibited MYCBP2 activity with an IC 50 of ϳ4 M (Fig. 4C) .
SUMOylation of RanGAP1 after cellular stimulation (i.e. serum stimulation) is known to cause its translocation to the nuclear pore complex where it acts as GAP for Ran (8, 9, 44) . Both proteins, RanGAP1 and MYCBP2, are expressed in DRG neurons, as shown by co-staining with the neuronal marker NeuN (Fig. 5A ), and incubation with 10% FBS stimulated Ran-GAP1 SUMOylation (Fig. 5B ) without altering MYCBP2 expression ( Fig. 5C ). Interestingly, serum stimulation increased the number of DRG neurons showing nuclear localization of RanGAP1 (Fig. 5D) . Similarly, the number of DRG neurons showing nuclear MYCBP2 localization increased (Fig. 5E) . Notably, the cytoplasmic expression of tubulin was not affected by the serum treatment showing the specificity of the change in localization for RanGAP1 and MYCBP2 (Fig. 5F ).
To study whether or not SUMOylated RanGAP1 mediates MYCBP2 translocation to the nucleus, we transfected DRG neurons with siRNA against RanGAP1 and identified the transfected neurons using FITC-labeled siRNA. Transfection of siRNA against RanGAP1 caused significant down-regulation of RanGAP1 in the DRG neurons (Fig. 6A ). Next, DRG neurons were transfected with RanGAP1 siRNA or nontargeting control siRNA and stimulated with 10% FBS. The transfected neurons showed a significant decrease in the number of cells with nuclear localization of MYCBP2 in the absence of RanGAP1, which was reconstituted after overexpression of human Ran-GAP1 (Fig. 6, B and C) .
To test whether or not the RanGAP1-dependent translocation of MYCBP2 was also seen in other cells, we studied the translocation of RanGAP1 and MYCBP2 in serum-stimulated HeLa cells, which express both proteins endogenously. Indeed, OCTOBER 16, 2015 • VOLUME 290 • NUMBER 42
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immunocytochemical analysis showed a serum-induced translocation of both proteins (Fig. 7, A and B) , Accordingly, the MYCBP2 protein amount increased in nuclear extracts of these cells (Fig. 7C) . Likewise, the amount of SUMOylated RanGAP1 was significantly increased in serum-treated cells (Fig. 7D) . Again, down-regulation of RanGAP1 by siRNA prevented the serum-induced translocation of MYCBP2 (Fig. 7, E and F) . Thus, the data demonstrate that RanGAP1 is necessary for the transport of MYCBP2 to the nucleus.
MYCBP2 Is a Nuclear GEF for Ran in DRG Neurons-Next, we studied whether or not MYCBP2 modulates the interaction between Ran/RanGAP1. First, we performed a single cycle GTPase assay to investigate whether MYCBP2 increases the GAP activity of RanGAP1 toward purified Ran (Fig. 8A) , and we found that MycBP2 was a weak inhibitor of the GAP activity of RanGAP1 (Fig. 8B) . Thus, RanGAP1 and MYCBP2 either compete for Ran binding or MYCBP2 reduces RanGAP1 activity through stabilization of GTP-bound Ran. However, MYCBP2 contains an N-terminal RCC1-like domain (Fig. 8C) (13) , and RCC1 is a known GEF for Ran, indicating a potential functional interaction between MYCBP2 and Ran. Indeed, when the binding affinities of purified MYCBP2 and RCC1 to immobilized Ran were tested using a BIAcore T200, we found similar binding affinities for both proteins (MYCBP2, K D 1.14 nM; RCC1, K D 2.95 M) (Fig. 8D ). To test whether or not MYCBP2 acts as a GEF for Ran, we studied the release of mant-GDP from Ran in the presence of its known GEF RCC1 or MYCBP2. Both RCC1 and MYCBP2 induced the mant-GDP release with similar halftimes (80 Ϯ 15 and 67 Ϯ 14 s, respectively) ( Fig. 8E) .
Also, the GTP binding was tested with [ 35 S]GTP␥S binding assays in the presence or absence of RCC1, MYCBP2, and Ran-GAP1. As expected, the presence of RanGAP1 alone had only a negligible effect on [ 35 S]GTP␥S binding of Ran. In contrast, MYCBP2 significantly increased the amount of [ 35 S]GTP␥S bound to Ran, which was further enhanced in the presence of both MYCBP2 and RanGAP1 (Fig. 9A) . This synergistic effect OCTOBER 16, 2015 • VOLUME 290 • NUMBER 42
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either shows activation of the GEF activity of MYCBP2 or is due to the fact that RanGAP1 stimulates GTP hydrolysis of Ran and therefore increases the availability of GDP-bound Ran for MYCBP2. However, stimulation of [ 35 S]GTP␥S binding by MYCBP2 alone was around 70% of the [ 35 S]GTP␥S binding induced by equimolar amounts of RCC1 (Fig. 9A ). MYCBP2induced increase of [ 35 S]GTP␥S binding by Ran was concentration-dependent (Fig. 9B) , and the recombinant RCC1-like domain of MYCBP2 was sufficient to increase [ 35 S]GTP␥S binding of Ran (Fig. 9C ), suggesting that this domain carries the GEF activity of MYCBP2. Substitution of His-2912 and His-913 in the RCC1-like domain of MYCBP2 by alanine has been shown to diminish its inhibitory activity for adenylyl cyclases. Accordingly, insertion of the double mutation in the RCC1-like domain abolished the GEF activity toward Ran (Fig. 9C) . Fittingly, the Myc-binding domain of MYCBP2 that is sufficient to allow binding to Myc and actin, but lacks the RCC1-like domain, was not sufficient to increase GTP binding of Ran (Fig.  9C ). Next, we tested whether or not inactive (T24N) or constitutively active (Q69L) Ran is able to block the interaction between Ran and MYCBP2. Both mutants were preloaded with GTP or GDP, and free nucleotides were removed before the assay. We found that only the inactive Ran mutant interfered with the GEF activity of MYCBP2 for Ran (Fig. 9D) . Fittingly, MYCBP2 co-precipitated only with the T24N mutant in pulldown experiments employing wild type, Q69L, and T24N Ran (Fig. 9E) supporting a higher affinity of MYCBP2 for GDPbound Ran than for GTP-bound Ran.
In the next step, we investigated whether or not MYCBP2 deficiency alters the localization of Ran in DRG neurons. First, we used immunohistochemistry of DRGs of wild type mice and found that MYCBP2 co-localized in part with Ran at the nucleus (Fig. 10, A and B) . Comparison of the Ran localization in nuclei of DRGs from SNS Cre-negative and Cre-positive MYCBP2 fl/fl mice showed that in the absence of MYCBP2 the ratio of cytosolic and nuclear Ran is shifted toward a nuclear localization of Ran (Fig. 10, C and D) , suggesting that the GEF activity of MYCBP2 is necessary to induce the nuclear export of GTP-bound Ran. To investigate whether or not loss of MYCBP2 interferes with the localization of Ran cargo proteins, we determined the localization of NFB in isolated nuclei of DRGs from mice during zymosan-induced peripheral inflammation. We found that 3 h after zymosan injection, NFB protein levels increased in nuclei in SNS Cre-positive, but not in SNS Cre-negative, MYCBP2 fl/fl mice (Fig. 10, E and F) . This finding is in accordance with a disturbed Ran-dependent protein export and an accumulation of Ran and its cargo proteins in nuclei.
Finally, we investigated Ran expression in DRGs from SNS Cre-negative and Cre-positive MYCBP2 fl/fl mice. As seen for RanGAP1, we found a slight up-regulation of Ran in the absence of MYCBP2 in DRGs of naive mice (Fig. 11A ). Similar to RanGAP1, Ran expression was not significantly altered in DRGs from SNS Cre-negative MYCBP2 fl/fl mice after zymosan injection in one hind paw (Fig. 11B ). As seen for RanGAP1 (Fig.  2, D and E) , Ran expression significantly increased in the absence of MYCBP2 in DRGs from SNS Cre-positive MYCBP2 fl/fl mice 24 h after zymosan injection (Fig. 11C ). This up-regulation is most likely not due to the absence of ubiquitylation of Ran by MYCBP2, because neither a ubiquitylationinduced shift in the size of Ran was observed nor was MYCBP2 able to ubiquitylate Ran in vitro assays (Fig. 11D ). However, we observed a significant up-regulation of the Ran mRNA levels in DRGs 24 h after zymosan injection (Fig. 11E) . Therefore, the up-regulation of Ran and RanGAP1 in the absence of MYCBP2 seems to be a compensation for the loss of a functional Ran GTPase cycle.
Discussion
The small GTPase Ran has been shown to regulate nuclear transport, microtubule assembly, nuclear envelope, and nuclear pore complex reformation (2-4) as well as the retrograde transport after traumatic nerve injury (10) . Because of the necessity of the presence of a GEF for Ran for retrograde transport, it has been speculated that other GEFs for Ran, besides the nuclear RCC1, might exist. MYCBP2 contains a nuclear localization signal that, together with the fact that it physically interacts with Myc, raised the question about potential functional roles of MYCBP2 in nuclei (13) . Here, we describe that MYCBP2 translocation to nuclei is mediated by SUMOylated RanGAP1 and that it acts as GEF for Ran through its RCC1-like domain. The example of MYCBP2 indicates that specialized GEFs for Ran exists that might serve to supplement the role of RCC1 allowing a more complex, cell-specific control of Ran activities.
RanGAP1 is normally located in the cytoplasm but can translocate after SUMOylation to the cytosolic membrane of the nuclear pore complex (40) . The translocation of SUMOylated RanGAP1 can also support the transport of other proteins to the nucleus as, for example, shown for the E3 ubiquitin ligase Traf6 (45) . We found that MYCBP2 binds selectively to SUMOylated RanGAP1, and that RanGAP1 expression is necessary for the translocation of MYCBP2 to nuclei. The interaction of MYCBP2 to RanGAP1 depends on the presence of SUMO1, because a physical interaction of MYCBP2 and non-SUMOylated RanGAP1 was not detectable. Indeed, a high threshold SUMO-binding motif within MYCBP2 was identified using a SUMO-binding motif recognition program (GPS-SBM 1.0). This SUMO-binding region can either allow MYCBP2 to bind generally to SUMOylated proteins or it can serve to stabilize through SUMO1 binding the interaction between SUMOylated RanGAP1 and MYCBP2. Because immunoprecipitation of MYCBP2 did not yield, except Ran-GAP1, SUMOylated proteins in detectable amounts, our data point toward a specific interaction of MYCBP2 and SUMOylated RanGAP1. However, we cannot rule out that in other cells or under other conditions additional SUMOylated proteins may bind to MYCBP2. Importantly, down-regulation of Ran-GAP1 prevented translocation of MYCBP2 to the nucleus suggesting that SUMOylated RanGAP1 functions as a transporter of MYCBP2. At the same time, SUMOylated RanGAP1 inhibited the ubiquitin ligase activity of MYCBP2, and it is tempting to speculate that SUMOylated RanGAP1 inhibits the ubiquitin ligase activity of MYCBP2 to ensure MYCBP2 silencing during its transport to the nucleus.
Ran is found in high levels in neuronal nuclei but also in the cellular compartments outside of nuclei, indicating cytosolic functions of Ran in neurons (10, 46) . GTP-and GDP-bound Ran has been detected in axons of rat sciatic nerve, where GTPbound Ran is found in a protein complex, including the transport molecules importin-␣ and dynein. After nerve injury, a local translation increases RanBP1 and RanGAP1 protein levels leading to hydrolysis of Ran-bound GTP and the formation of an importin-␣⅐importin-␤⅐dynein complex enabling retrograde transport of proteins (10) . To maintain cytosolic GTP-bound Ran levels in axons of neurons, a cytosolic Ran GEF is necessary. Previously, two GEFs for Ran have been identified, RCC1 and RanBP10. RCC1 is located predominantly in the nucleus, although RanBP10 is highly expressed in the cytosol of megakaryocytes and modulates stability of noncentrosomal microtubules (47) . Interestingly, MYCBP2 also mediates its physiological functions toward axon outgrowth and synapse formation by modulating microtubule organization (48) , and it can be speculated that MYCBP2/Ran signaling contributes to these effects. A functional interaction of MYCBP2 and Ran in nuclei of neurons is supported by the findings that both proteins co-localize in nuclei and that Ran accumulates in nuclei in the absence of MYCBP2, which can be explained by the reduced ability of Ran to bind GTP and to be exported out of the nucleus. RCC1 is the guanine nucleotide exchange factor for the small GTPase Ran, which consists of seven repeats of a 50 -60-amino acid-long motif forming a propeller-like structure. These seven repeats are also present in the RCC1-like domain of MYCBP2 but are interrupted by a 134-amino acid insert after the fourth repeat separating the RCC1-like domain in two elements, RHD-1 and RHD-2 (13) . MYCBP2 has been shown to carry a GEF activity for Rheb, although the involvement of its RCC1 domain was not investigated (25) . Thus, in accordance with these data, we found that the RCC1-like domain of MYCBP2 carries a GEF activity for the small GTPase Ran.
Evidence for potential involvement of MYCBP2 in the nucleo-cytoplasmic transport has been reported earlier by Grill et al. (49) . They showed that RPM-1, the ortholog of MYCBP2 in C. elegans, binds to RNA Export protein-1 (RAE-1). RAE-1 has in yeast an important role for mRNA export (50). However, OCTOBER 16, 2015 • VOLUME 290 • NUMBER 42
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in other organisms it regulates mitotic spindle assembly and cell cycle progression by stabilizing microtubules (51, 52) . Grill et al. (49) suggested either a role of the MYCBP2/RAE-1 interaction in microtubule organization or nuclear export regulation.
The importance of nuclear transport, and therefore the MYCBP2/Ran interaction, for neuronal functions is evident. Peripheral inflammation induces in sensory neurons activation and nuclear translocation of transcription factors such as NFB leading to profound transcriptional changes and nuclear export of mRNA or epigenetic regulators such as histone deactylases (31, (41) (42) (43) . Because stimulation of neurons is necessary to induce the translocation of MYCBP2 to the nucleus, it is not surprising that the strongest effect of the loss of MYCBP2 on Ran and RanGAP1 expression in DRGs is seen after induction of peripheral inflammation. The absence of MYCBP2 causes an up-regulation of Ran and RanGAP1 during inflammatory hyperalgesia, which is, according to our findings, not due to a missing poly-ubiquitylation and a subsequently decreased degradation of both proteins. Instead, we interpret this up-regulation as a compensatory mechanism to reestablish a functional nucleo-cytoplasmic transport, which is reduced due to the decreased GTP-binding ability of Ran.
Taken together, our data show that MYCBP2 and RanGAP1 fulfill opposing roles in the regulation of Ran activity. An especially elegant regulation method is presented by the finding that MYCBP2 transport to the nucleus depends on its counterpart RanGAP1. This way the cell ensures that both regulation partners are present at the nucleus and can control together correct functioning of Ran-dependent transport mechanisms.
